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Ag+ impregnated WO3Abstract The optical and electrochemical characterization of the synthesized Ag+ modiﬁed WO3
photocatalysts was performed and its photocatalytic activity was estimated in the visible region
(420–800 nm) of sunlight for the degradation of 2-chloro and 2-nitrophenol. The catalysts with
the varying loading of Ag+ ranging from 0.5% to 10%, exhibited signiﬁcantly higher activity as
compared to pure WO3. Attempts were made to correlate the enhanced activity of Ag
+ loaded cat-
alysts with the optical and electrochemical properties. At lower loading (up to 1% Ag+), the
enhanced degradation was attributed to the excited electron trap and transfer ability of surface
mounted Ag+ species, while the synergic effect between the WO3 support and surface Ag2O resulted
the same at higher loadings. The electrochemical properties of the synthesized powders, in compar-
ison with pure WO3, also supported the same ﬁndings. The identiﬁcation of the intermediates and
the estimation of the released anions evidenced the contribution of both hydroxyl radicals (HO)Optical,
2 M. Aslam et al.
Please cite this article in press as: Aslam, M. e
electrochemical and photocatalytic propertieand superoxide anion (O2
) radicals in the degradation process. The identiﬁcation of aliphatic oxy-
genates as majority intermediates and release of respective ions veriﬁed the replacement of Cl and
NO2 groups, insertion of oxygen and aromatic ring cleavage.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Tungsten oxide (WO3), a photochromic material with a band-
gap ranging between 2.4 and 2.8 eV, being absorptive in the
visible region of the solar spectrum, can be a suitable con-
tender for sunlight photocatalytic applications (kominami
et al., 2001; Aslam et al., 2014a; Bamwenda and Arakawa,
2001; Zhao and Miyauchi, 2008). Owing to high recombina-
tion rate of charge carriers, a low reduction potential of the
excited conduction band electron and low photon conversion
efﬁciency makes WO3 an inferior choice for the environmental
applications as compared to ZnO and TiO2 (Tang et al., 2012;
Zhao et al., 2012). Various approaches are reported in the
literature to address the above-mentioned limitations of photo-
catalytic materials and augmenting the photocatalytic activity
(Rehman et al., 2009; Tang et al., 2013). Among these strate-
gies, surface modiﬁcations by metal ion impregnation have
proved to be an efﬁcient tool to suppress the charge carrier’s
recombination process and to improve the activity of a partic-
ular photocatalyst (Hameed et al., 2014a; 2015; Aslam et al.,
2014b,c, 2015a; Qamar et al., 2015).
The mineralization feature of photocatalysis marks it as a
promising approach for dealing with the environmental decon-
tamination issues (Pichat, 2013). Most of the studies available
in the literature for its use in environmental decontamination,
particularly for the removal of phenols and its derivatives, are
carried in artiﬁcial UV or simulated sunlight exposure over
either TiO2 or ZnO (Fujishima et al., 2000; Jiuhui, 2008;
Bhatkhande et al., 2002; Lettmann et al., 2001; Mills et al.,
1993; Chong et al., 2010; Mills and Le Hunte, 1997; Ollis
et al., 1991; Hoffmann et al., 1995; Tang et al., 2011; Tryk
et al., 2000). Both of these are established active photocata-
lysts, however, suffer insigniﬁcant photon absorption in the
visible region of the spectrum that limits their use in the
natural sunlight as its major portion (46%) is composed of
the visible region. As photocatalysis is entirely dependent on
the excitation source, it is now a well-recognized fact that it
can only achieve its optimum wide spread efﬁcacy by utilizing
the economical and renewable excitation source like sunlight
(Hameed et al., 2014a, 2015; Aslam et al., 2014b,c; Kositzi
et al., 2004; Malato et al., 2009; Bahnemann, 2004). Hence
the development of sunlight active catalysts, especially capable
of utilizing the major portion of the solar spectrum i.e. visible
region, is highly desirous.
The presence of phenolic compounds mainly chloro and
nitro derivatives, due to their health hazards, and raises a seri-
ous objection on water consumption by living beings. The per-
missible limits of these derivatives, for human use, are below
1 ppm therefore, requires the instant removal (USEPA,
1980). The 2-derivatives of chloro and nitro phenols are the
substrates of interest and hard to remove/degrade due to their
acute toxicity, high solubility and chemical stability by conven-
tional tools. Additionally the formation of more toxic offt al., The performance of silver modiﬁed
s. Arabian Journal of Chemistry (2015)shoots during the conventional removal is also unavoidable
(Adav et al., 2007; Aslam et al., 2015b; Calace et al., 2002;
Carey, 2000; O’Connor and Young, 1989; Gaya and
Abdullah, 2008). Photocatalysis is regarded as a suitable
choice for the complete mineralization of pollutants without
the formation of secondary pollutants.
The current study is an attempt to make WO3 sunlight
responsive by using Ag+ as a surface modiﬁer to enhance
the absorption of photons, suppressing the undesired recombi-
nation of charge carriers and improving the photocatalytic
activity. The activity of Ag+ modiﬁed WO3 was explored in
the visible region (420–800 nm) of natural sunlight for the
degradation of potential phenolic pollutants such as
2-chlorophenol (2-CP) and 2-nitrophenol (2-NP). The catalysts
used in this work were also utilized in our previous work for
the photocatalytic conversion of methane into methanol under
the exposure intense 355 nm laser photons (Hameed et al.,
2014b). Although the study was useful in explaining various
factors involved in the methane conversion process, however,
under intense 355 nm laser photons, a number of changes in
the catalysts were noticed. The catalysts were re-evaluated by
UV–Visible diffuse reﬂectance (DR), photoluminescence (PL)
and Raman spectroscopy to explore the possibility for the
use in the visible region and their photocatalytic activity was
estimated for the removal of 2-CP and 2-NP under mild con-
ditions of sunlight exposure. Additionally, the expediency of
the electrochemical tools such as cyclic voltammetry (CV),
Electrochemical impedance spectroscopy (EIS) and chronopo-
tentiometry (CP) in predicting the likely photocatalytic
behavior of the catalysts, before being subjected to actual
photocatalytic experiments, was also estimated.2. Experimental
2.1. Synthesis of Ag+ impregnated WO3
Based on the outcomes of the previous study, perhaps, the
metal loading was not sufﬁcient enough to furnish any signif-
icant change in the activity of 0.1% Ag+ impregnated WO3,
and for better response in the visible region (420–800 nm) of
sunlight, we increased the minimum Ag+ loading from 0.1%
to 0.5% in the current study. In the typical synthesis, the
required proportions of Ag+ ions (0.5%, 1.0%, 5% and
10%) were prepared by dissolving AgNO3 (99.9%) in deion-
ized water and mixed with the appropriate quantity of solid
WO3. The slurries were aged overnight at room temperature
(24 C) and dried at 150 C under vigorous stirring. The dried
powders were subjected to the heat treatment at 300 C for the
decomposition of nitrates till the complete seizure of NOx.
After grinding, the powders were calcined in temperature-
controlled furnace at 400 C for 3 h by maintaining the heating
rate at 10 C/min (Hameed et al., 2014b).tungsten oxide for the removal of 2-CP and 2-NP in sunlight exposure: Optical,
, http://dx.doi.org/10.1016/j.arabjc.2015.05.001
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The solid-state absorption and diffuse reﬂectance spectra of
the synthesized Ag+ impregnated WO3 powders were recorded
in the wavelength range of 200–900 nm by Perkin Elmer
UV–Visible diffuse reﬂectance spectrophotometer (DRS)
equipped with integrating sphere. The variations in the band-
gap with increasing Ag+ loading were evaluated by plotting
(F(R) · ht)1/2 versus ht (eV), where F(R) is the Kubelka–
Munk (K–M) transformation of %R values. The photolumi-
nescence (PL) emission spectra of the synthesized Ag+ impreg-
nated powders in comparison with pure WO3, were acquired
by a ﬂuorescence spectro-ﬂuorophotometer, RF-5301 PC,
Shimadzu, Japan, at an excitation wavelength of 325 nm and
slit width of 10 nm. The Raman shifts were measured using
a DXR Raman Microscope, Thermo Scientiﬁc, USA,
equipped with 532 nm laser as the excitation source at 6mW
power. Repeated measurements were performed to establish
the accuracy and reproducibility of the process.
The X-ray diffraction patterns of the synthesized powders
were recorded by a Scintag XDS 2000 diffractometer,
equipped with a Cu Ka radiation source in the range of 10–
90. The existing phases were identiﬁed by matching the
acquired XRD patterns with standard JCPDS cards. The
XPS proﬁles of Ag+ impregnated powders were acquired by
a wide survey scan using X-ray Photoelectron Spectrometer
(PHI 5000 VersaProbe II, ULVAC-PHI Inc.). The binding
energy was scanned between 0 eV and 1100 eV. The oxidation
states of the surface bonded impregnated Ag+ ions were
evaluated on the basis of the splitting arises due to spin–orbit
coupling. The morphology of synthesized powders was evalu-
ated by FESEM (JEOL JSM 6490-A) (Hameed et al., 2014b).
A VSP multi-channel potentiostat (Bio-logic Science
Instrument, USA) was employed for electrochemical measure-
ments in the dark and under illumination. An electrochemical
cell with three-electrode system: glassy carbon electrode
(GCE), an Ag/AgCl saturated reference electrode, and a Pt
wire counter electrode, was used. For the illumination a
50 W halogen lamp was used. All the solutions were prepared
in 0.1 M KCl supporting electrolyte, whereas a 2 mM standard
solution of ferricyanide was used as a redox couple. The
chronopotentiometric measurements were carried out in the
absence and presence of light by applying a constant current
density of 0.05 A/m2 in 0.1 M H2SO4. Electrochemical impe-
dance spectroscopy (EIS) was performed at a biased potential
of +0.235 V in 2 mM ferricyanide solution by scanning the
frequency from 0.1 Hz to 10 kHz. The EIS Nyquist plots were
ﬁtted using Randles electric circuit model by Zﬁt (Ec-lab
software, Bio-logic Science Instruments, USA).
For each measurement electrodes were modiﬁed with pure
and Ag+ impregnated WO3. Prior to modiﬁcation, glassy car-
bon electrode was thoroughly cleaned with a diamond and alu-
mina paste manually. The synthesized catalysts were dispersed
on the GC electrode by the standard drop coating method. In a
typical preparation, the dispersions of pure and Ag+ impreg-
nated WO3 powders were prepared by mixing 1 mg of respec-
tive powder in 1 ml of Milli-Q water. The dispersions were
homogenized by sonication in an ultrasonic bath for 10 min.
For the preparation of thin ﬁlm electrodes, 20 lL of colloidal
suspension was dropped onto the GC electrode and the excess
solvent was evaporated by hot air drying. Prior to use in thePlease cite this article in press as: Aslam, M. et al., The performance of silver modiﬁed
electrochemical and photocatalytic properties. Arabian Journal of Chemistry (2015)electrochemical measurements, the homogeneity of the ﬁlm
was ensured by the optical examination. All the measurements
were recorded in comparison with pure WO3.
The photocatalytic activity of pure and synthesized Ag+
impregnated WO3 was evaluated in the visible region of
sunlight (420–800 nm) for the degradation of 2-CP and
2-NP. Pyrex glass reactor was utilized as a UV cutoff ﬁlter.
The dimensions and surface area of the glass reactor were
15.5(diameter) · 2.5(height) and 189 cm2, respectively. In a
typical experiment, 200 mg of pure or Ag+ impregnated
WO3 was suspended in 150 ml of 50 ppm solution of respective
phenol derivatives (2-CP and 2-NP). Prior to exposure, to
establish equilibrium, the catalyst/phenol suspension was kept
in the dark for 1 h. Interestingly, the adsorption of both the
substrates was signiﬁcantly low i.e. <5%. The catalyst/phenol
suspension was exposed to the visible region of sunlight and
the samples were drawn at the regular interval of 30 min in
the initial 120 min of exposure and then after every 60 min
interval till 240 min. All the experiments were performed under
sunlight illumination of 1000 ± 100 · 102 l· during ﬁxed per-
iod of sunlight and in the natural environment without stir-
ring. The samples, after removing the catalyst, were analyzed
by HPLC (SPD-20A, Shimadzu Corporation, Japan), TOC
(Shimadzu Corporation, Japan) and IC (Thermo scientiﬁc,
USA). For GC–MS analysis the samples collected after
30 min of exposure were extracted thrice with 10 ml of dichlor-
omethane (Sigma–Aldrich, 99.99%) and dried with anhydrous
magnesium sulfate for complete removal of water. A GC–MS
(Shimadzu Corporation, Japan, Shimadzu-QP2010 Plus)
equipped with RtX1 capillary column, for the identiﬁcation
of unknown compounds formed as intermediate during the
degradation process (Hameed et al., 2014b; Aslam et al.,
2014a,b,c).
3. Results and discussion
3.1. Structural and morphological characterization
Although, the morphological and structural characterization
of the pure and Ag+ impregnated WO3 by XRD, XPS and
FESEM is discussed in detail in our previous communication
(Hameed et al., 2014b) however, a brief account is also pre-
sented here. It is important to mention here that the additional
catalyst synthesized for current work, i.e. 0.5% Ag+ impreg-
nated WO3 was also subjected to the above mentioned charac-
terization, however no signiﬁcant change in the morphology
was observed. The XRD patterns of pure, 1%, 5% and 10%
Ag+ impregnated WO3 are compared in Fig. 1. The intense
reﬂections at 2h values of 23.14, 23.66, 24.45, 33.35,
34.25, 41.70 and 44.9, in all the patterns, were matched with
monoclinic WO3 (JCPDS-43-1035). Besides the intense reﬂec-
tions of WO3, additional reﬂections between 30 and 50 were
matched with hexagonal Ag2O (JCPDS-42-0874). For 10%
Ag+ loading, the reﬂection of moderate intensity at 2h value
of 27.5 was matched with Ag2WO4 (JCPDS-32-1029). This
reﬂection was not noticed for any other Ag+ loaded catalyst.
The comparison of the survey scan of pure and 10% Ag+
loaded WO3, in the binding energy range of 200–700 eV, is pre-
sented in Fig. 2a, where the intense peaks due to Ag3d and
Ag3p in the binding energy range of 360–380 eV and 550–
650 eV, respectively, are noticeable. Additionally, the splittingtungsten oxide for the removal of 2-CP and 2-NP in sunlight exposure: Optical,
, http://dx.doi.org/10.1016/j.arabjc.2015.05.001
Figure 1 The comparison of XRD patterns of pure, 1%, 5% and
10% Ag+ impregnated WO3. The arrows indicate the growth of
reﬂections arising Ag2O (Hameed et al., 2014b).
Figure 2 (a) The comparison of the survey scan of pure and 10%
Ag+ impregnated WO3 in the binding energy range of 200–
700 eV. The peaks arising due to Ag3d and Ag3p are marked. (b)
The ﬁtted Ag 3d splitted levels in 10% Ag+ impregnated WO3
(Hameed et al., 2014b).
4 M. Aslam et al.of the peaks due to spin–orbit coupling is also observable. As
presented in Fig. 2b, the oxidation states of the Ag species
involves were estimated by ﬁtting the splitted Ag3d i.e.
Ag3d5/2 and Ag3d3/2 levels. The Ag3d5/2 peak centered at
367.4 eV conﬁrming the existence of impregnated Ag+ as sur-
face Ag2O. Additionally, the difference of 6 eV between the
splitted Ag3d5/2 and Ag3d3/2 levels further conﬁrmed the pres-
ence of impregnated Ag+ as Ag2O. The obtained values of
367.4 and 373.5 eV for 3d5/2 and 3d3/2, respectively, were in
agreement with the literature values (Hameed et al., 2014b).
The FESEM images of the Ag+ loaded WO3, in compar-
ison with pure WO3, are presented in Fig. 3. The Ag
+ impreg-
nation resulted no signiﬁcant change in the morphology of
WO3 particles. The FESEM images also veriﬁed the presence
of Ag+ in the form of Ag2O at the surface of WO3 (Hameed
et al., 2014b).
3.2. Optical characterization
The comparison of the solid state absorption spectra of pure
and Ag+ impregnated WO3 recorded between 200 nm and
1000 nm is presented in Fig. 4. Compared to pure WO3, an
enhanced absorption in the visible region, due to the increasing
surface concentration of Ag+, was noticed for impregnated
catalysts. The extent of the absorption for 5% and 10%
Ag+ impregnated catalysts with the visual aspect of additional
absorption edge was signiﬁcantly higher than pure WO3 and
the impregnated catalysts with a lower concentration of
Ag+. The appearance of additional edge is attributed to the
formation of Ag2O at the surface. The formation of surface
Ag2O was also endorsed by the high resolution FESEM ﬁnd-
ings (Hameed et al., 2014b), whereas the enhanced absorption
in the visible region for the catalysts having lower Ag+ surface
loading i.e. 0.5% and 1%, is due to the charge transfer from
the O2p levels to the low energy 4d surface states induced by
the presence of Ag.
The bandgaps of the pure and Ag+ impregnated WO3 cat-
alysts were evaluated by plotting (F(R) · hm)1/2 versus the pho-
ton energy (hm). The F(R) values were estimated by applying
Kubelka–Munk transformation of the diffuse reﬂectance data.Please cite this article in press as: Aslam, M. et al., The performance of silver modiﬁed
electrochemical and photocatalytic properties. Arabian Journal of Chemistry (2015)This is illustrated in the inset of Fig. 4, and presents the com-
parison of the graphical evaluation of the bandgaps of pure,
1% and 10% Ag+ impregnated WO3. The evaluated bandgap
of 2.7 eV for pure WO3 was in accordance with the literature
values (Xu and Schoonen, 2000). A red shift in the bandgap of
1% Ag+ impregnated WO3, 2.5 eV, supports the induction
of low energy surface phases by the impregnating Ag+ entities
while for 10% Ag+ impregnated WO3, the appearance of
absorption edge with the gap of 2.05 eV depicts the forma-
tion of surface Ag2O. The shifting of the bandgap of WO3 base
to lower value of 2.4 eV elaborates the existence of charge
transfer synergy.
The comparison of the room temperature PL spectra of
pure and synthesized Ag+ impregnated WO3 is presented in
Fig. 5a. The appearance of the maxima of the broad emission
peak at 467 nm represents the bandgap of WO3 and arises due
to the de-excitation from the conduction band (W6+, 4f) to the
valence band (O2p) and represents the bandgap excitation.tungsten oxide for the removal of 2-CP and 2-NP in sunlight exposure: Optical,
, http://dx.doi.org/10.1016/j.arabjc.2015.05.001
Figure 3 The FESEM high resolution images (·250,000) of pure and Ag+ modiﬁed WO3 (Hameed et al., 2014b).
Figure 4 (a) The comparison of the solid-state absorption
spectra of pure and Ag+ modiﬁed WO3. The inset shows the
graphical evaluation of the bandgap of pure, 1% and 10% Ag+
impregnated WO3.
The performance of silver modiﬁed tungsten oxide 5The low intensity peaks at 483 nm and 492 nm signify the
recombination emissions due to the trapping of electrons in
the defects generated by the unstable W5+ states created as a
result of electron transfer leading to reduction. Compared to
pure WO3, a substantial reduction in the luminescence inten-
sity of the above-mentioned peaks for Ag+ impregnated cata-
lysts was noticed that depicted the trapping of the excited
electrons by the Ag+ induced surface defects and thus
extended the lifetime of the stimulated states. A maximum
decrease of 39% in the emission was noticed for 10%
Ag+. The comparison of the Raman spectra of pure andPlease cite this article in press as: Aslam, M. et al., The performance of silver modiﬁed
electrochemical and photocatalytic properties. Arabian Journal of Chemistry (2015)Ag+ impregnated WO3 is presented in Fig. 5b. The character-
istic bands of pure WO3 appeared at 271, 326, 716.5 and
806.23 cm1. The two intense bands at 806.23 and
716.5 cm1 represent the stretching vibrations O–W–O while
the bands at 271 and 326 cm1 are due to bending vibrations
of W–O–W. The observed values were in accordance with
the literature values (Rajagopal et al., 2009; Boulova and
Lucazeau, 2002). A marked decrease in the intensity of all
peaks, especially the peaks at 806.23 and 716.5 cm1, for all
the Ag+ impregnated catalysts, veriﬁed the engagement of sin-
gly charged surface oxygen by Ag+ forming W–O–Ag type
surface entities. The expanded view between 500 cm1 and
1000 cm1, as presented in the inset of Fig. 5b, further elabo-
rates the change in the peak intensities with increasing metal
loading.3.3. Electrochemical characterization
The electrochemical characterization of pure and Ag+ impreg-
nated WO3 powders was performed by cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and dou-
ble step chronopotentiometry (CP). Fig. 6a shows the compar-
ison of CV curves of pure and Ag+ impregnated WO3
electrodes recorded in 2 mM ferricyanide (K3Fe(CN)6 elec-
trolyte under dark conditions at 50 mV/s between +0.6 V
and 0.2 V. The quasi-reversible shapes of CV curves were
attributed to the pseudo capacitive behavior of the electrodes.
The redox peak pair was assigned to the one electron electro-
chemical transfer process of Fe3+/Fe2+ couple. The decrease
in the current density also veriﬁed the successful immobiliza-
tion of catalysts layers on GCE surface. The non-idealtungsten oxide for the removal of 2-CP and 2-NP in sunlight exposure: Optical,
, http://dx.doi.org/10.1016/j.arabjc.2015.05.001
Figure 5 (a) The comparison of the photoluminescence (PL)
spectra of pure and Ag+ modiﬁed WO3. The samples were excited
at a wavelength of 325 nm and the emissions were recorded from
350 to 850 nm. (b) The comparison of the effect of Raman shift of
WO3 with the increasing Ag
+ loading. The inset shows the Raman
shift between 500 and 1000 nm.
Figure 6 The comparison of the cyclic voltammetric behavior of
pure and Ag+ modiﬁed WO3 (a) in dark and (b) under
illumination in 2 mM solution of Fe3+/Fe2+ as redox couple
using GC electrode.
6 M. Aslam et al.electrical double layer capacitive behavior exhibited the key
role of Ag+ ion on the surface of WO3 as a redox mediator.
Under illumination, an enhanced peak current density of the
10% Ag+ impregnated WO3 electrode, compared to that for
pure WO3 and other impregnated electrodes, ensured the
higher charge transfer ability (Fig. 6b) and attributed to the
superior conductivity of 10% Ag+ impregnated electrode.
The larger speciﬁc capacitance or higher conductivity of the
Ag+ impregnated photocatalyst was attributed to the forma-
tion of surface Ag2O as supported by high resolution
FESEM images (Hameed et al., 2014b). The comparison of
the EIS spectra of the pure and Ag+ impregnated WO3 photo-
catalysts electrodes in dark is presented in Fig. 7a. The utility
of the EIS Nyquist plots for the determination of charge resis-
tance and separation efﬁciency of electron hole pair is estab-
lished (Lv et al., 2014). Compared to pure WO3, the
presence of the large semicircular portions in the EIS
Nyquist plots indicated the higher resistances of Ag+ impreg-
nated WO3 to the charge transfer and lower conductivity,
whereas the reduction of charge transfer resistance of 10%
Ag+ impregnated WO3 signiﬁes its higher electrical conductiv-
ity (Table 1). As presented in Fig. 7b, under illumination, thePlease cite this article in press as: Aslam, M. et al., The performance of silver modiﬁed
electrochemical and photocatalytic properties. Arabian Journal of Chemistry (2015)further decrease in the charge transfer resistance indicated the
enhanced conductivity of 10% Ag+ modiﬁed electrode sur-
face. A sound agreement was observed between the EIS and
CV results. The EIS Nyquist plots were ﬁtted using Randles
equivalent circuit model and the extracted parameters are pre-
sented in Table 1.
The charge–discharge behavior and the capability of the
synthesized Ag+ impregnated catalysts for capturing or retain-
ing the charge were evaluated by double step chronopoten-
tiometry (CP). The measurements were performed by
applying 0.05 A/m2 in the forward (oxidation) and backward
(reduction) directions both in dark and under illumination.
The comparison of the galvanostatic charge–discharge cycles,
in dark and under illumination, is represented in Fig. 8. The
charging curve showed an increase in potential until reaching
a plateau, whereas the discharge curve exhibited a sudden drop
followed by slow potential decrease. A lower decay rate for
10% Ag+ impregnated WO3 under illumination as compared
to other electrodes was witnessed. The unsymmetrical charac-
teristic of charge–discharge curves of different electrodes mod-
iﬁed with pure and Ag+ impregnated catalysts showed the
absence of electrochemical double layer characteristics rathertungsten oxide for the removal of 2-CP and 2-NP in sunlight exposure: Optical,
, http://dx.doi.org/10.1016/j.arabjc.2015.05.001
Figure 7 The comparison of the EIS Nyquist plots of pure and
Ag+ modiﬁed WO3 (a) in dark (b) under illumination in 2 mM
solution of Fe3+/Fe2+ as a redox couple using GC electrode. The
insets of (a) and (b) show the exploded view of the semi-circular
regions of the plots.
Table 1 The parameters extracted from the ﬁtted EIS Nyquist
plot for pure and Ag+ modiﬁed WO3 in dark and under
illumination.
Catalysts Rct
(Ohm)
Rs
(Ohm)
Wz
(Ohm/s1/2)
Cdl
(lF)
Dark
WO3 92.85 22.17 2205 1.061
0.5% Ag+@ WO3 100.4 22.81 2366 1.547
1% Ag+@ WO3 118.9 21.59 2475 1.247
5% Ag+@ WO3 212.4 23.82 2805 1.018
10% Ag+@ WO3 204.3 21.94 3174 1.222
Under illumination
WO3 109.9 19.62 2200 1.077
0.5% Ag+@ WO3 118.4 20.93 2630 1.518
1% Ag+@ WO3 135.2 20.33 2681 1.211
5% Ag+@ WO3 252.8 21.89 3131 0.977
10% Ag+@ WO3 63.15 20.36 3653 0.843
Figure 8 The two-step Chronopotentiometric curves of pure and
Ag+ modiﬁed WO3 electrodes in (a) dark (b) under illumination
during constant current density in 2 mM solution of Fe3+/Fe2+ as
a redox couple using GC electrode.
The performance of silver modiﬁed tungsten oxide 7pseudo capacitive behavior was noticed that implied the excel-
lent capacitive characteristics and electrochemical reversibility.
The speciﬁc capacitance of the photocatalyst electrodes for dis-
charge was calculated by using the relation given below.Please cite this article in press as: Aslam, M. et al., The performance of silver modiﬁed
electrochemical and photocatalytic properties. Arabian Journal of Chemistry (2015)Cs ¼ IxDt
mxDV
where Cs (F g
1) is the speciﬁc capacitance, I (mA) is discharge
current, Dt (s) is the discharge time, DV (V) represents the
potential drop during discharge, and m (mg) is the mass of
the active material loaded on the electrode.
The speciﬁc capacities of the electrodes for retaining the
charge under illumination, evaluated by employing the above
relation, were 111.7, 126.6, 127.1, 127.5, and 130.2 (F g1)
for pure, 0.5%, 1%, 5% and 10% Ag+ loaded WO3, respec-
tively. The higher speciﬁc capacitance, under illumination,
with the increasing Ag+ loading, exhibited the potential of
the modiﬁed catalysts for capturing and retaining the charge.
The ﬁndings of CP were also supported by the optical charac-
terization of the Ag+ impregnated catalysts.
3.4. Photocatalytic studies
In photocatalysis, the oxidation and reduction sites are gener-
ated with the absorption of photons having energy equal to or
higher than the bandgap (Eg) of the semiconductor particles.
The instantaneous oxidation of the adsorbed H2O moleculestungsten oxide for the removal of 2-CP and 2-NP in sunlight exposure: Optical,
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8 M. Aslam et al.and the reduction of dissolved/adsorbed O2 initiate the gener-
ation of a cascade of reactive oxygen species (ROS). Among
the ROS identiﬁed, hydroxyl radicals and superoxide anions
are considered as the primary oxidants that interact and min-
eralize the contaminants present in the system. The formation
of these ions can be represented by the equations given below.
H2Oþ hþ ! H2Oþ ! HO þHþ
O2ð Þadsorbed=dissolved þ e ! O2
The propagation of these species strongly depends on the
potential of the conduction band edge and the pH of the sys-
tem. The precise role of these ROS in degradation/mineraliza-
tion of contaminants is not well speciﬁed yet, nevertheless, a
rough sketch can be drawn on the basis of experimental
evidences.
The HPLC proﬁles for the degradation of 2-CP are shown
in Fig. S1 (supplementary details). The careful analysis
revealed that compared to pure WO3, all the Ag
+ loaded cat-
alysts showed noticeably higher activity for the degradation of
2-CP in exposure to the visible region (>420 nm) of natural
sunlight. The formation of intermediates revealed the multi-
step nature of the degradation/mineralization process. The ini-
tial formation and gradual decrease in the concentration of
intermediates also exposed the simultaneous interaction of
ROS with 2-CP substrate and intermediates formed during
the photocatalytic process. Initially with the increasing surface
density, an increased activity was observed till 1% Ag+Figure 9 The comparison of the percentage degradation of (a) 2
degradation of 2-CP, (c) the percentage degradation of 2-NP and (d) th
2-NP in the presence of pure and Ag+ modiﬁed WO3 in the exposure
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observed for 5% Ag+ loading, whereas a signiﬁcantly higher
activity was witnessed for 10% Ag+ loaded WO3. Although
in the lower Ag+ loading range i.e. 1% Ag+ loaded catalyst,
the degradation of 2-CP was comparable with that of 10%
Ag+ loaded catalyst, however, a marked difference in the
removal of intermediates was observed. The intermediate
removal efﬁciency of 10% Ag+ loaded catalyst was distin-
guishably higher than that of 1% Ag+ loaded catalyst in a vis-
ible light exposure.
The comparison of the percentage degradation of 2-CP sub-
strate in the visible light exposure to pure and Ag+ loaded
WO3 catalysts is presented in Fig. 9a. Compared to 13%
for bare WO3, 52%, 39%, 28% and 56% of 2-CP was
degraded in the initial 30 min of exposure of visible light over
0.5%, 1%, 5% and 10% Ag+ impregnated catalysts, respec-
tively. More than 96% removal of 2-CP was observed for
0.5%, 1% and 10% Ag+ loaded WO3 catalysts in 240 min
of exposure, whereas 61% and 90% of the substrate was
removed in the same period of exposure for pure and 5%
Ag+ impregnated WO3, respectively. Compared to pure
WO3, an overall increase of 40% was estimated for 1% and
10% Ag+ impregnated catalysts. Based on the comparison
mentioned above, the higher activity of the Ag+ impregnated
catalysts revealed the assistance of surface Ag+ ions in trap-
ping and transfer of photoexcited electrons to the adsorbed
species for the generation of ROS. The rate constants ‘k’ of
the degradation process was evaluated by applying the-CP, (b) the graphical evaluation of rate constant ‘‘k’’ for the
e graphical evaluation of rate constant ‘‘k’’ for the degradation of
of visible portion (>420 nm) of natural sunlight.
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The performance of silver modiﬁed tungsten oxide 9Langmuir–Hinshelwood kinetic model. The comparison of the
graphical evaluation of the rate constants is presented in
Fig. 9b. The calculated rate constants for bare, 0.5%, 1%,
5% and 10% Ag+ impregnated WO3 were 0.0040 min
1,
0.0149 min1, 0.0141 min1, 0.0095 min1 and 0.018 min1,
respectively. The maximum rate of degradation was observed
for 10% Ag+ impregnated WO3.
The HPLC proﬁles for the degradation of 2-NP over pure
and synthesized Ag+ impregnated WO3 are presented in
Fig. S2 (supplementary details). For 2-NP, a trend similar to
that of 2-CP degradation, however, a slower rate compared
to that of 2-CP was observed. As shown in Fig. 9c, a maxi-
mum degradation of 95% was noticeable for 10%, whereas
for 0.5%, 1% and 5% Ag+ impregnated WO3 78%,
85% and 80% degradation, respectively, was observed. A
minimum degradation of 40% was witnessed for pure
WO3. The graphical evaluation of the rate constants for the
degradation process is presented in Fig. 9d. The highest rate
of degradation of 0.012 min1 was observed for 10% Ag+
modiﬁed WO3 while the lowest rate of degradation,
0.0022 min1 was noticed for pure WO3. For 0.5%, 1% and
5% Ag+ modiﬁed WO3, the rate constants with the minor dif-
ference i.e. 0.0062 min1, 0.0074 min1 and 0.0066 min1,
respectively, were observable.
The mineralization efﬁciency of bare and Ag+ modiﬁed
WO3 catalysts in terms of TOC removal as a function of sun-
light (>420 nm) exposure time is presented in Fig. 10a.
Compared to the degradation, a signiﬁcantly lowerFigure 10 The comparison of the percentage TOC removal of (a) 2-
modiﬁed WO3 in the exposure of visible portion (>420 nm) of natural
constants for 2-CP and 2-NP, respectively.
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was observed and the maximum TOC removal of >90%
was observed for 10% Ag+ impregnated WO3. A TOC
removal of 59%, 89%, and 69% were observed for
0.5%, 1% and 5% Ag+ impregnated WO3, respectively, in
240 min of sunlight (>420 nm) was noticed. The minimum
TOC removal of 40% was observed for pure WO3. An
increase in the mineralization was noticed with the decrease
in the concentration of the 2-CP substrate with time, however,
a trend similar to that of degradation process was observed in
the removal of total organic carbon. As presented in Fig. 10b,
the graphical evaluation of rate constants for the TOC removal
of 2-CP, similar to degradation process, Langmuir–
Hinshelwood kinetic model also holds good for TOC removal
with reasonable correlation. The calculated rate constants of
TOC removal for pure, 0.5%, 1%, 5% and 10% Ag+ impreg-
nated WO3 were 0.0025 min
1, 0.0040 min1, 0.0097 min1,
0.0054 min1 and 0.012 min1, respectively.
As presented in Fig. 10c, a similar situation was perceived
in the mineralization of 2-NP. The 10% Ag+ impregnated
WO3 was found most active that efﬁciently removed 84% of
TOC in 4 h of sunlight (>420 nm) exposure. The activities
of 0.5% and 1% Ag+ loaded catalysts (60% and 66% TOC
removal, respectively) were compared with each other, but sig-
niﬁcantly lower than 10% Ag+ loaded and higher than pure
WO3. Among the impregnated catalysts, the minimum TOC
removal i.e. 50% was observed for 5% Ag+ impregnated
WO3. The rate constants of the TOC removal (Fig. 10d) wereCP (50 ppm), (c) 2-NP (50 ppm) in the presence of pure and Ag+
sunlight whereas (b) and (d) show the graphical evaluation of rate
tungsten oxide for the removal of 2-CP and 2-NP in sunlight exposure: Optical,
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10 M. Aslam et al.0.0015 min1, 0.0041 min1, 0.0046 min1, 0.0030 min1 and
0.0078 min1 for pure, 0.5%, 1%, 5% and 10% Ag+ loaded
WO3, respectively.
The enhanced degradation by Ag+ impregnated catalysts,
compared to WO3 clearly revealed that the presence of Ag
+
at the surface not only notably suppresses the undesired
electron hole pair recombination but promotes the efﬁcient
electron transfer to adsorbed/dissolved species for the genera-
tion of reactive oxygen species. The suppression of the recom-
bination process was also evidenced in the PL analysis
(Fig. 5a). Additionally, the decreased impedance (Fig. 7) and
slow discharge (Fig. 8) of the impregnated catalysts compared
to pure WO3 elaborated the increased conductivity and
enhanced capacity for the retention of charge which is a
required phenomenon in photocatalytic processes.
In the current study, the majority role of the ROS either
superoxide anion (O2
) or hydroxyl radicals (HO) was
assessed on the basis of the identiﬁcation of intermediates by
analyzing the samples drawn after 30 min of sunlight
(>420 nm) using GC–MS for 1% and 10% Ag+ impregnated
WO3 catalysts both for 2-CP and 2-NP. The presence of sub-
strate in GC–MS analysis was used as a marker. The major
ﬁndings of the analysis were as follows:
 Majority intermediates were aliphatic oxygenates that
included C1–C8 alcohols, esters and carboxylic acids.
 Hydroxyl group substituted phenols were also identiﬁed in
smaller fraction for 1% Ag+ impregnated catalyst and in
appreciable concentration for 10% Ag+ impregnated WO3.
 A number of common products such as CH3COOH, and
CH3COOCH3 were also identiﬁed for both 2-CP and 2-NP.
 Coupling products were also identiﬁed for phenolic
substrate.
The ﬁndings of GC–MS analysis revealed superoxide
radicals as the leading facilitators in the degradation and
mineralization processes. Additionally the intermediates
formed by the interaction of hydroxyl radicals with the pheno-
lic substrates (2-CP and 2-NP) are further interacted by the
superoxide anions to aliphatic oxygenates initially and to
mineralization ﬁnally. The rapid TOC removal also supports
the similar conclusion.
The potential of valence (+3.44 V) and conduction
(+0.74 V) band edge of WO3 demonstrates its disability for
the reduction of dissolved/adsorbed O2 while the suitability
for the oxidation of water and thus the formation of hydroxyl
radicals. In our previous communication (Aslam et al., 2014a),
we proposed the plausible mechanism for the generation of
superoxide anion radicals for pure WO3, however, due to the
surface presence of Ag+, the applicability of the proposed
mechanism is questionable. On the other hand, the formation
of aliphatic oxygenates in the system, as identiﬁed by the GC–
MS analysis, stresses the existence of superoxide radicals in
majority. This situation leads to the presumption that the sur-
face Ag+ species play a very vital role in the trapping and
transfer of the excited electrons. To sketch the possible mech-
anism of electron trapping and transfer, it may be presumed
that the photo-excited electrons (e) are directly transferred
to the Ag+ species as in the form of surface Ag2O, as veriﬁed
by XPS and XRD analyses, that are transiently converted to
AgAgO couple. After transferring the captured electrons to
the dissolved/adsorbed O2, AgAgO is transformed back toPlease cite this article in press as: Aslam, M. et al., The performance of silver modiﬁed
electrochemical and photocatalytic properties. Arabian Journal of Chemistry (2015)Ag2O instantaneously. The valence band entrapped photogen-
erated holes (h+) oxidize the adsorbed water for the generation
of hydroxyl radicals. This mechanism seems rational for lower
concentrations i.e. 0.5% and 1% Ag+ impregnated catalysts,
as the impregnated Ag+ ions form surface bound Ag2O by
sharing the surface oxygen thus sharing the valence band of
WO3. The above mentioned mechanism is given in Scheme 1
below.
The decrease in the pH of the system during the course of
the photocatalysis process also supports the above described
mechanism.
At higher concentrations i.e. 5% and 10% Ag+ impreg-
nated WO3, with the increase in the surface density, along with
the prevalent mechanism stated above, a reasonable fraction of
photons is directly absorbed by Ag2O particles that enhances
the production of both superoxide anion (O2
) and hydroxyl
radicals (HO). Additionally, the suitability of the potentials
of valence and conduction band edges of both Ag2O and
WO3 promotes the mutual transfer of charge carriers among
the two and enhances the lifetime of the excited states. These
transitions, as mentioned in the Scheme 2 below, lead to
enhance the generation of hydroxyl radicals, however, based
on energy consolations cannot affect the formation of superox-
ide anion (O2
) radicals. The generation of superoxide anion
(O2
) radicals, in the current system, is possible by the mecha-
nism postulated above. The enhanced yield of OH substituted
intermediates, as identiﬁed by GC–MS, supports the enhanced
yield of hydroxyl radicals at higher Ag+ loadings.
Fig. S3 (supplementary details) shows the IC proﬁle of the
released anions during the course of degradation process for 2-
CP and 2-NP over 10% Ag+ impregnated WO3. It was
observed that the concentration of Cl ions in the solution
increases with the increase in sunlight (>420 nm) exposure
time during 2-CP degradation, whereas for 2-NP, a major peak
of NO3
 ions was identiﬁed in the solution instead of NO2

ions. The release of ions in the degradation of phenolic sub-
strates and identiﬁcation of aliphatic oxygenates as intermedi-
ates leads to the conclusion that the bulk of 2-CP and 2-NP is
degraded by the interaction of charged rather than neutral
ROS. Also the ROS mainly, i.e. superoxide anion radicals
(O2
) are incorporated in the structure by displacing the Cl
or NO2
 ions and ripping apart the aromatic system. The
released ions and the intermediates formed are furthertungsten oxide for the removal of 2-CP and 2-NP in sunlight exposure: Optical,
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) leading to
further oxidation. The presence of C1–C4 oxygenates among
the intermediates formed further strengthens the view that
after initial degradation the mineralization proceeds by frag-
mentation. The fragments are interacted by the superoxide
anion radicals till complete mineralization.
The graphical comparison of the released ions during the
degradation of 2-CP is presented in Fig. 11a. It was observed
that a minor fraction of released Cl ions are further oxidized
to ClO2
, ClO3
 and ClO4
 ions. Noticeably, the majority of the
released chloride ions remains in the solution without further
interaction with ROS. On the other hand, as presented in
Fig. 11b, for 2-NP, surprisingly, a very small fraction of
NO2
 ions were detected in the solution for this particular sys-
tem. This observation led to the reasoning that all the released
NO2
 ions are immediately transformed to NO3
 ions. To fur-
ther explore the possible reasons and mechanism of instanta-
neous conversion of NO2
 ions to NO3
 ions, the pH changes
of the system were monitored. For 10% Ag+ impregnated
WO3 the initial pH recorded in the dark with 2-NP substrate
was 5.4 which falls to 5 in the initial 30 min of sunlight
(>420 nm). The pH of the system gradually decreased with
the increase in exposure time, however, did not exceed the
pH value of 4.6 till the completion of the experiment inFigure 11 The graphical comparison for the release as well as the
conversion of ions during the degradation of (a) 2-CP and (b) 2-
NP (50 ppm each).
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to 4.4. For 2-NP, among all the catalysts, including pure WO3,
the pH of pure and 0.5% Ag+ impregnated WO3 reached the
neutral pH value of 7 in the above mentioned period. The
observed pattern of pH change for pure WO3 was similar to
that already reported (Aslam et al., 2014a) with minor devia-
tion that may be due to the changed morphology and elimina-
tion of UV region of sunlight. Keeping in view the pH changes
of the system, the following mechanism has been postulated
for the instantaneous transformation of NO2
 to NO3
 ions.
NO2 þHþ ! HNO2
HNO2 þO2 ! NO3 þHO
The proposed mechanism is not only supported by the pH
changes during the course of degradation in visible light but
also by the enhanced formation of HO substituted products
as intermediates because of the enhanced yield of hydroxyl
radicals.4. Conclusions
The surface presence of Ag+ improves both the optical and
electrochemical properties of WO3 and makes it responsive
and active in the visible region of sunlight. The study demon-
strated that the electrochemical characterization in the dark as
well as under illumination furnishes vital information regard-
ing the expected behavior of the photocatalytic material. The
silver ions after being converted to Ag2O under calcination
facilitate the trapping and transfer of the photo-excited elec-
trons that lead to the enhanced generation of reactive oxygen
species in the system thus enhancing the degradation as well
as the mineralization process. The presence of chloro and nitro
group in the phenol assists in the degradation process by pro-
viding the sites of interaction for the incoming ROS. Both the
intermediates and substrates are treated simultaneously that
leads to complete mineralization. The released ions are sub-
jected to further oxidation. The study provides a base for the
development of visible light active photocatalysts for water
decontamination.Acknowledgements
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